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Legionella pneumophila is an intracellular human pathogen that can cause a severe form of pneumonia. This gram-negative bacterium naturally inhabits freshwaters, where it parasitizes protozoan hosts. After aerosol formation in man-made water systems, L. pneumophila can enter and colonize the human lung (74) . Chest radiographs typically show patchy, peripheral, nonsegmental consolidations. Electron microscopy shows L. pneumophila within macrophages and neutrophils, and it is well documented that the bacteria multiply within a reprogrammed Legionella-specific vacuole. The host cell lysis caused by the pathogen may be so prominent that the alveolar exudate appears acellular. In many cases diffuse alveolar damage can be observed even at sites other than the active pneumonia sites (75, 82) .
During infection L. pneumophila employs sophisticated machineries to deliver proteins to cellular and extracellular locations. In particular, the Dot/Icm type IV secretion system and the Lsp type II secretion system are known to contribute to virulence. Dot/Icm type IV secretion is required for the establishment of the intracellular replicative niche of L. pneumophila in protozoans and human macrophages (5, 58, 72) . Recently, several transported effector proteins have been identified. Among these proteins are DrrA/SidM, LepA, LepB, LidA, RalF, and SidA-H (19, 24, 50, 51, 56, 57) . The Lsp type II secretion system also promotes intracellular infection of protozoans and human alveolar cells (22, 65, 66) . It is involved in the secretion of acid phosphatases, an RNase, the zinc metalloprotease Msp (ProA1), a chitinase, mono-, di-, and triacylglycerol lipases, phospholipases A and C, the lysophospholipase A PlaA, the lysophospholipase A homolog PlaC, and a p-nitrophenyl phosphorylcholine hydrolase (6, 7, 10, 26, 33, 40, 65) . Recent genome analysis revealed additional secretion systems, including a second type IV secretion system (the Lvh system), a type I secretion pathway encoded by the lssXYZABD locus, a twin-arginine translocation pathway, and several Tralike systems (4) .
Besides the secretion of individual proteins, many gram-negative bacteria, including L. pneumophila, shed vesicles derived from the outer membrane (29) . In general, outer membrane vesicles (OMVs) are spherical bilayer structures and consist of characteristic outer membrane constituents, such as phospholipids, lipopolysaccharide (LPS), and a subset of outer membrane proteins. The vesicle lumen contains mainly periplasmic components precipitated overnight with ice-cold trichloroacetic acid at a final concentration of 10% and collected by centrifugation at 6,000 ϫ g for 1 h at 4°C. The resulting protein pellets were washed five times with 96% ethanol and then dried at room temperature. Finally, the protein pellets were resolved in a 200-l solution containing 8 M urea and 2 M thiourea. Protein concentrations were determined by using the Roti-Nanoquant reagent.
Preparative 2-DE, two-dimensional difference gel electrophoresis, and data analysis. For preparative 2-DE, 500-g portions of SSP or OMV protein preparations were used. The volumes of samples were adjusted with rehydration solution, which contained 2 M thiourea, 7 M urea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 200 mM dithiothreitol, and 10% pharmalytes 3-10, to 450 l. Isoelectric focusing was performed using the IPG technique with nonlinear 24-cm IPG strips (pH 3 to 10) and a Multiphor II unit (GE Healthcare). The 12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in the second dimension was performed with an Ettan DALT six electrophoresis unit (GE Healthcare) used according to the manufacturer's instructions. The resulting two-dimensional gels were stained using the colloidal Coomassie brilliant blue G-250 procedure as previously described (12) . For comparative analysis of SSP and OMV protein patterns, difference gel electrophoresis minimal labeling experiments were carried out as recommended by the manufacturer (GE Healthcare). Subsequently, gels were scanned with a Typhoon imager (GE Healthcare). At least two different gel sets from fractions of two independent bacterial culture supernatants were analyzed. Two-dimensional gel image analysis was performed with the Delta 2-D 3.2 software (Decodon).
Protein identification and in silico analysis. Proteins were excised from Coomassie brilliant blue-stained two-dimensional gels using a Proteome Works spot cutter (Bio-Rad). Trypsin digestion and subsequent spotting of peptide solutions onto matrix-assisted laser desorption ionization (MALDI) targets were performed automatically using an Ettan spot handling workstation (GE Healthcare) and a modified standard protocol (27) . MALDI-time of flight (TOF) mass spectrometry (MS) analyses of spotted peptide solutions were carried out using a 4700 proteome analyzer (Applied Biosystems) as described by Eymann et al. (27) .
The resulting peptide mass fingerprints were analyzed using the MASCOT search engine (Matrix Science) and the genome sequence of L. pneumophila Philadelphia-1 available at http://legionella.cu-genome.org/ (21). Identified proteins were sorted according to KEGG pathway maps for L. pneumophila Philadelphia-1 available at http://www.genome.ad.jp/kegg/ (43). Proteins not listed were grouped manually by referring to their functions. Proteins containing eukaryote-like domains, proteins with homology to known virulence factors, and proteins that make putative or known contributions to L. pneumophila pathogenesis were sorted into a separate class. Predictions of protein localization were made by using PA-SUB (49) and PSORTb or the PSORTdb L. pneumophila Philadelphia-1 data set available at http://db.psort.org/ (38, 63) . PSORTb was also used to predict signal peptides. Finally, theoretical results were expanded by manually searching localizations described previously.
Zymography. Proteolytic activities of bacterial culture supernatants and SSP and OMV fractions were detected by using SDS-gelatin-polyacrylamide gels and the method of Heussen and Dowdle (41) , with slight modifications. Samples without reducing agents were separated on 12% SDS-PAGE minigels containing 0.2% gelatin (type B from bovine skin; Sigma). After electrophoresis, the gels were washed twice at room temperature with 2% Triton X-100 in PBS for 30 min and then incubated at 37°C in PBS overnight. Finally, proteolytic activities were identified by Coomassie blue staining.
Enzyme assays. All enzyme assay mixtures were processed using specifically modified substrates which colored the test solution after cleavage. Protease activity was determined by using hide powder azure (Sigma) as described by Howe and Iglewski (42) . Elastase activity was detected by an assay based on the method of Kessler et al. (44) , utilizing elastin Congo red (Sigma). Lipolytic activities were examined by using p-nitrophenyl palmitate (NPP) and p-nitrophenyl phosphorylcholine (NPPC) (Sigma), as described by Aragon et al. (7, 8) .
In all cases OMV fractions, bacterial culture supernatants, and SSP fractions were assayed. YEB, 0.02 M Tris-HCl (pH 8.0), and PBS served as negative controls. Each sample was analyzed in duplicate. The means and standard deviations were calculated from at least three separate experiments.
Growth inhibition assays. To study the effect on growth of A. castellanii and alveolar epithelial cell cultures, the Alamar blue assay was used (3, 54) . The concentrations of A. castellanii and alveolar epithelial cell suspensions were adjusted to 1 ϫ 10 5 and 6 ϫ 10 4 cells per ml, respectively. To each well 180 l PYG medium or RPMI/FCS containing various amounts of OMVs and then 20 l of the corresponding cell suspension were added. As blanks we used 200 l PYG medium and RPMI/FCS, respectively. After 24 h of incubation at room temperature and at 37°C (5% CO 2 ), respectively, 20 l Alamar blue was added to each well. Alamar blue reduction was measured after 24, 48, and 72 h of incubation by determining the absorbance at 550 and 630 nm with a Multiskan ascent plate reader (Thermo). Growth curves for cell densities were analyzed with Excel (Microsoft) by subtracting the absorbance at 550 nm from the absorbance at 630 nm. All tests of OMV fractions were performed at least in triplicate.
In order to exclude apoptotic effects by OMVs, 1 ϫ 10 5 cells were fixed in freshly prepared paraformaldehyde (3% paraformaldehyde in PBS, pH 7.6), permeabilized, and washed, and DNA strand breaks were labeled by terminal deoxynucleotidyltransferase-mediated fluorescein-dUTP nick end labeling and analyzed by using an LSM 510 confocal laser scanning microscope (Zeiss).
Confocal laser scanning microscopy. Confocal laser scanning microscopy analysis of OMV binding to alveolar epithelial cells was carried out as described by Agerer et al. (1, 2) , with some modifications. A549 cells were seeded on glass coverslips in 24-well plates (coated with a mixture of fibronectin and poly-L-lysine in PBS [final concentration of each compound, 2 g/ml]) in cell culture medium 1 day before binding experiments were performed. Then different doses of OMVs in serum-free medium were applied to cells for 8 h at 37°C. After incubation, cells were washed once with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. Then samples were washed again with PBS and blocked with 10% fetal calf serum in PBS (blocking buffer) for 5 min at room temperature. Subsequently, OMVs were stained with the mouse anti-LPS monoclonal antibody 2F10 (Acris Antibodies, Herford, Germany) in blocking buffer for 45 min at room temperature. Samples were washed twice with PBS, blocked again for 5 min, and incubated with a mixture of Alexa Fluor 488 goat anti-mouse immunoglobulin G and wheat germ agglutinin (WGA)-Alexa Fluor 594 (Molecular Probes) for 45 min at room temperature. After three washes with PBS, coverslips were mounted in embedding medium (Dako) on glass slides and sealed with nail polish. Samples were viewed with an LSM 510 confocal laser scanning microscope (Zeiss). Fluorescence signals of double-labeled specimens were serially recorded with appropriate excitation and emission filters to avoid bleed-through. Images were digitally processed with Photoshop (Adobe Systems) and merged to obtain pseudocolored pictures.
Cytokine profiling. Cytokine profiles were determined using the Bioplex protein array system (Bio-Rad). Confluent A549 cells were stimulated with OMV fractions for 15 h (71). After incubation, cell supernatants were collected and cleared by centrifugation. Cytokine release was examined with Bioplex beads specific for interleukin-1␤ (IL-1␤), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-13, IL-17, monocyte chemoattractant protein 1, tumor necrosis factor alpha, gamma interferon (IFN-␥), granulocyte-macrophage colony-stimulating factor, and granulocyte colony-stimulating factor used according to the instructions of the manufacturer. To exclude protease-induced cytokine stimulation, additional treatments with 100 M phosphoramidon and complete EDTA-free protease inhibitor (71 l per 0.5-ml sample) were tested in control experiments. The data are expressed below as means Ϯ standard deviations of at least three independent experiments. Main effects were compared using the Newman-Keuls posttest. A P value of Ͻ0.01 was considered significant.
RESULTS

L. pneumophila produces OMVs during extra-and intracellular growth.
To analyze whether OMV production occurs throughout the L. pneumophila life cycle, we performed microscopic studies after different time intervals (24, 48 , and 72 h of cultivation) and using different growth conditions (extraand intracellular growth). Bacterial cells were removed from BCYE agar, processed as described in Materials and Methods, and analyzed by negative staining electron microscopy and atomic force microscopy ( Fig. 1A The arrows indicate OMV budding sites on the membrane surface. Bar ϭ 0.2 m. (F and G) OMVs were isolated from bacterial liquid cultures (YEB) using our purification protocol and were visualized by negative staining electron microscopy (F) and atomic force microscopy (G). Bars ϭ 0.2 m.
VOL. 76, 2008
L. PNEUMOPHILA OMVs AND SECRETOME 1827
on July 31, 2017 by guest
show representative electron micrographs of thin sections of extracellular L. pneumophila cells from a logarithmic culture and a stationary culture. In both growth phases the bacteria produced discrete OMVs that were released from the intact bacterial membrane, indicating that the vesicles were not the result of bacterial cell lysis. Thin-section electron microscopy after 24 h of coincubation of L. pneumophila and D. discoideum revealed small blebs that appeared to be budding from the L. pneumophila membrane surface within the Legionellaspecific phagosome of infected D. discoideum host cells (Fig.  1E ). The secretion of OMVs inside the host phagosome is in agreement with the recent observation that L. pneumophila OMVs inhibit phagosome-lysosome fusion (29) . Thus, the data indicate that OMVs are produced extra-and intracellularly under different growth conditions and during different growth phases.
To obtain highly purified, native L. pneumophila OMVs, we developed a purification method based on previously described protocols using ultracentrifugation. The purified OMV fraction from bacterial liquid cultures in early stationary growth phase was analyzed by negative staining electron microscopy and atomic force microscopy ( Fig. 1F and G) . The diameters of isolated OMVs ranged from 100 to 200 nm, and the absence of bacterial debris and other structures, like flagella, confirmed the purity of our OMV fraction.
OMV and SSP subfractions have specific protein compositions. OMVs are generated by budding from the outer membrane of the bacterium, whereas SSPs are the result of secre- Isolated protein fractions were focused on pH 3 to 10 IPG strips and separated by SDS-PAGE second-dimension gels. Gels were stained with Coomassie brilliant blue G-250. Proteins were identified following tryptic digestion and analysis of the resulting peptides by MALDI-TOF MS. Gene designations in the L. pneumophila Philadelphia-1 database (http://legionella.cu-genome.org/) are indicated. All MS-identified proteins are listed in Table S1 in the supplemental material. tion systems in which proteins are exported from the cytoplasm across the inner and outer membranes into the exterior space. To map the subfraction proteomes, SSP and OMV fractions were prepared from early-stationary-phase cultures of highly virulent L. pneumophila Philadelphia-1 bacteria and separated by preparative 2-DE. Subsequently, all visible protein spots were subjected to MALDI-TOF MS analysis. Figure 2 shows the L. pneumophila proteome reference maps constructed for the SSP and OMV fractions. A total 336 protein spots of the SSP fraction, representing 148 nonredundant proteins, were identified by MS. Moreover, we identified 74 distinct proteins in 157 OMV protein spots analyzed. Several proteins produced more than one spot due to pI or mass variations. In some cases a protein was dispersed as multiple spots. A total of 181 different L. pneumophila proteins were unambiguously assigned to the supernatant, including 107 SSPs (59%), 33 OMV proteins (18%), and 41 proteins which appeared in both fractions (23%). A detailed list of all identified proteins, which represents the largest validated secretome profile of this organism, shown in Table S1 in the supplemental material.
To assess the identified proteins, we calculated the localization of L. pneumophila proteins using two independent programs, PSORTb and PA-SUB. The theoretical results were compared with localizations experimentally observed in previous studies. Both fractions consisted of extracellular, outer membrane, periplasmic, inner membrane, and cytosolic proteins. As expected, the majority of detected periplasmic and outer membrane proteins were associated with OMVs, whereas the SSP fraction contained a higher number of extracellular proteins (see Table S1 in the supplemental material). Only 31 of 181 identified proteins (17%) were predicted to be cytoplasmic by both programs. This proportion is low compared to previous studies of OMV proteomes (30, 80) and might have been the result of some cell lysis or cell autolysis that occurred during bacterial growth (76) . When the list of proteins was searched, many type II and type IV secretion substrates were discovered. Of 27 type II substrates recently described by DebRoy and colleagues (26), we identified 22 during our analysis (see Table S1 in the supplemental material). Only LvrE (lpg1244) and four hypothetical proteins were
L. PNEUMOPHILA OMVs AND SECRETOME 1829 not found. Consistently, most detected type II substrates were localized in the SSP fraction; the only exception was flagellin, which was found exclusively in OMVs. Some of the type II substrates were also OMV associated. According to the in silico screen for putative type II substrates performed by DebRoy and colleagues (26), 38 of these substrates were in fact detected in the supernatant. Furthermore, three type IV substrates, LaiE (lpg2154), SdeD (LaiF) (lpg2509), and WipC (lpg2206), were found in the OMV and SSP fractions (16, 59) . The lack of some predicted or known extracellular, outer membrane, and periplasmic proteins, as well as secretion substrates, might have resulted from the problematic MS identification of low-molecular-mass proteins, low abundance, or the lack of expression of certain proteins under the growth conditions used (e.g., artificial growth medium, no host cell contact, etc.) (20) . Based on the KEGG GENES database and an extensive literature search, we classified the identified proteins into the 21 functional groups shown in Table S2 in the supplemental material. Interestingly, the most entries were found for the following classes: involved in pathogenesis, amino acid metabolism, carbohydrate metabolism, energy metabolism, and protein folding, sorting, and degradation. In general, the proportions of the groups were slightly higher for the SSP fraction than for the OMV fraction except for the virulence/pathogenesis functional class. The latter class contains 25 (14%) of the 181 supernatant proteins overall. In contrast to the 11% of the proteins (17 of 148 proteins) in the SSP fraction, 24% (18 of 74) of the OMV proteins were associated with pathogenesis. Moreover, the virulence factor Mip (lpg0791) was found only in the OMV fraction (46) . Thus, OMVs may be vehicles for the delivery of bacterial virulence factors (Table 1; see Table S1 in the supplemental material). Taken together, the results of the proteome mapping demonstrated that a large proportion of proteins are specific for either the SSP fraction or the OMV fraction. Moreover, a higher number of virulence-associated proteins are present in the OMV fraction than in the SSP fraction.
SSP and OMV fractions possess diverse destructive enzyme activities. During infection L. pneumophila penetrates the alveolar lining and basement membrane (11, 78) . Moreover, focal septal disruption, invasion of the interstitium, and extrapulmonary manifestations are characteristic features (78, 83) . Hence, degradative enzymes are likely to be required to perforate tissue barriers. Therefore, we performed proteolytic and lipolytic assays with OMV and SSP fractions to detect destructive enzyme activities. First, proteolytic activities of OMV, SSP, bacterial culture supernatant, and whole-cell subfractions were analyzed by degradation zymography. For this purpose, gelatin, which consists of the extracellular matrix proteins collagens I, II, and III, was used. Prominent proteolytic bands at approximately 40 kDa and light bands at high molecular weights (100 to 200 kDa) demonstrated that activities were present in OMV, SSP, and supernatant samples (Fig.  3A) . The prominent proteolytic bands might have been produced by ProA1 (Msp) (lpg0467), which was found to be one of the most abundant proteins (Fig. 2) . The light bands might have been the result of multiple aggregations due to the nonreducing conditions used. Second, we analyzed the protease activities of the different subfractions by using a liquid assay with the synthetic substrate hide powder azure blue. Again, the OMV, SSP, and supernatant fractions exhibited proteolytic activities in a dose-dependent manner (Fig. 3B) . The removal of OMVs from the bacterial culture supernatant, which resulted in the SSP fraction, reduced the enzymatic activity only slightly. Nevertheless, the OMV fraction exhibited significant enzymatic activity. This, however, suggests that the majority of the proteolytic activity is located in the SSP fraction. Third, similar results were obtained for the elastase-specific protease substrate elastin Congo red (data not shown). Finally, to investigate lipolytic activities, we used two different substrates, NPP for esterase-lipase and NPPC for lipase activity. As shown in Fig. 3C , OMVs and SSPs cleaved both lipase substrates efficiently. Again, it was obvious that the majority of the enzymatic activity was associated with the SSP fraction. When the results were taken together, by using various enzyme assays we confirmed that both the SSP and OMV fractions contained enzyme activities which may contribute to destruction of the alveolar lining.
OMVs do not kill host cells but promote A. castellanii growth. To investigate whether OMV fractions kill human alveolar epithelial and protozoan cells that are host cells of L. pneumophila, we performed Alamar blue assays. After 72 h of incubation, the growth of alveolar epithelial cells was slightly but not significantly reduced (Fig. 4) . Terminal deoxynucleotidyltransferase-mediated fluorescein-dUTP nick end labeling assays with alveolar epithelial cells additionally helped to exclude apoptotic effects by OMVs (data not shown). More strikingly, however, was the observation that OMVs promoted the growth of the protozoan host A. castellanii by 64% in the same incubation time (72 h) (Fig. 4) . Since A. castellanii usually feeds on bacteria, OMVs may have served as an additional source of growth factors.
L. pneumophila OMVs induce a specific cytokine profile. Upon L. pneumophila recognition, human host cells exhibit a specific cytokine response (71, 81) . To examine how OMVs contribute to this response, we analyzed the cytokine secretion profiles of alveolar epithelial cells upon incubation with OMVs by using the Bioplex protein array system. After 15 h of incubation with OMVs, the cytokines IL-6, IL-7, IL-8, IL-13, granulocyte colony-stimulating factor, IFN-␥, and monocyte chemoattractant protein 1 were induced (Fig. 5) , but IL-1␤, IL-2, IL-4, IL-5, IL-10, IL-12, IL-17, granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor alpha were not induced (data not shown). Compared with cytokine secretion profiles induced by L. pneumophila cells (71), OMVs specifically stimulated IL-7 and IL-13 secretion. Additional treatment of OMV samples with protease inhibitors (phosphoramidon and complete EDTA-free protease inhibitor cocktail) and heat inactivation did not change the profile (data not shown). This suggests that OMV components other than proteins are responsible for the cytokine stimulation.
OMVs bind to the cytoplasmic membrane of alveolar epithelial cells. OMVs are vehicles by which virulence factors, membrane compounds, including LPS, and periplasmic cargo can be transported to host cells or tissues during extracellular attack (48) . On the other hand, they can be translocated to the host phagosome membrane during intracellular growth (29) . However, the fate of OMVs and the mode of effector molecule delivery to the host remain to be established. The possible extracellular interactions include the binding of OMVs to host Analysis by confocal microscopy revealed acquisition of green fluorescence on the surface of alveolar epithelial cells (Fig. 6) , which suggests either that OMVs persist on the surface or that they fuse with the cytoplasmic membrane of the target cell. The acquisition of fluorescence was dependent upon the presence of OMVs, as cells which were not exposed to OMVs exhibited no detectable green fluorescence. Moreover, as shown in Fig. 6 , the morphology of the host cells changed toward a round shape upon OMV exposure. This phenomenon became more prominent when increasing amounts of OMVs (0, 25, and 200 g of total protein) were added.
DISCUSSION
Secreted effector molecules are critical for the extracellular pathogenicity of L. pneumophila, which is characterized by considerable tissue destruction, including extracellular matrix degradation and focal septal disruption (78) . On the other hand, it is well known that specific secretion machineries, like the Dot/Icm type IV system and OMVs, contribute to the intracellular pathogenicity of L. pneumophila, which is characterized by the inhibition of phagosome maturation, altered host membrane traffic, and intracellular bacterial growth within phagocytes (29, 78) .
In this paper we provide microscopic evidence that OMVs are indeed produced intracellularly within Legionella-specific phagosomes. This result is consistent with the hypothesis that pathogenic legionellae utilize OMVs to disseminate effector molecules into phagosomes to inhibit phagolysosome fusion (29) . We also observed that OMVs form during extracellular growth, indicating that OMVs influence other environments as well. Moreover, by using medium-grown L. pneumophila cultures it could be shown that OMV production also occurred during stationary growth phase. This is relevant since L. pneumophila differentiates into the transmissive form during the postexponential phase. Consequently, we used bacterial cultures from early stationary phase to purify SSP and OMV subfractions for further analysis.
Proteome analysis of OMVs and SSPs. So far, extracellular proteomes of various gram-positive and gram-negative bacterial pathogens have been characterized (17, 60, 84) . A proteomic analysis of type II secreted effector proteins of L. pneumophila was recently described (26) . The only proteomic studies of OMVs are the Neisseria meningitidis studies (30, 80) , which formed the basis for the development of MeNZB, an OMV vaccine against serogroup B (61) .
Our proteomic analysis of L. pneumophila culture supernatants revealed 493 protein spots, which resulted in 181 identified distinct proteins. Many identified proteins produced more than one spot or even multiple spots, which might have been due to artificial (deamidation) or posttranslational modifications or to degradation by supernatant proteases (13) . The resolved protein composition of each fraction was found to be highly specific. The SSP and OMV fractions contained 107 and 33 specific proteins, respectively, whereas only 41 proteins appeared in both fractions. The identified type II secretion substrates of both fractions included several degradative enzymes, including an acid phosphatase (Map) (lpg1119), a protease (ProA1/Msp), a chitinase (ChiA) (lpg1116), an RNase (lpg2848), and a lysophospholipase (lpg2343) (26) . Some of these enzymes are known to promote the virulence of L. pneumophila. Although not essential for infection, the metalloprotease ProA1, which was one of the most abundant proteins in the supernatant, exhibits hemolytic and cytotoxic activities in vitro and contributes to tissue damage in vivo (15, 55, 62) . Likewise, the recently discovered novel virulence factor chitinase ChiA promotes L. pneumophila persistence in the lung (26) . The detection of 38 putative type II substrates in our supernatant subfraction so far supports the hypothesis of DebRoy and colleagues that the type II secretion system can process 60 or more proteins. However, for type IV secretion, only three substrates, LaiE (lpg2154), LaiF (SdeD) (lpg2509), and WipC (lpg2206), were found. This defective secretion might be explained by the lack of host cell contact (20) . Especially interesting is the fact that seven eukaryote-like proteins were present in the subfractions (Table 1) . Although the exact functions of these proteins are still unclear, their contributions to L. pneumophila pathogenesis have been postulated (16, 18) . By mimicking functions of their eukaryotic relatives (e.g., in signaling or in degradative processes), these proteins may allow Legionella to communicate with eukaryotic cells and thus contribute to survival and replication.
Another interesting aspect is the distribution of L. pneumophila virulence factors. Of 25 identified L. pneumophila virulence factors, 18 were associated with OMVs. Eight of these factors, including Mip, one of the main virulence factors of L. pneumophila, were unique to OMVs. This observation confirms that OMVs are specific carriers for some virulence-associated effectors. Thus, it is very interesting to analyze OMVs with regard to their putative function as bacterial "missiles" or "communication satellites."
Degradative enzymatic activities. The administration of culture filtrate components of L. pneumophila to the lungs of guinea pigs elicited lesions which were pathologically similar to those seen in animals with clinical and experimentally induced FIG. 5 . OMV fraction of L. pneumophila stimulates cytokine secretion. A549 alveolar epithelial cells were stimulated for 15 h with 50 g (total protein) of OMVs, and then cytokine secretion profiles were determined using the Bioplex system. The graphs show induced cytokines. The data are means and standard deviations of at least three independent experiments. Main effects were then compared using the Newman-Keuls posttest. A P value of Ͻ0.01 was considered significant. G-CSF, granulocyte colony-stimulating factor; MCP-1, monocyte chemoattractant protein 1. Legionnaires' disease (11, 23) . These previous studies, as well as more recent studies, suggest that various enzymatic activities may be responsible for this phenomenon (34, 78) .
The zymography and enzyme assays performed in our study revealed that the SSP and OMV fractions possess proteolytic and lipolytic enzyme activities which may contribute to the destruction of the alveolar lining during infection. The observed proteolytic effects could be due to several identified proteins, like the metalloprotease ProA1, the eukaryote-like astacin protease LegP (lpg2999), the elastase LasB (lpg1655), and a serine metalloprotease (lpg2019). As ProA1 is one of the most abundant proteins in the supernatant, it is likely that this protease is largely responsible for the tissue damage mentioned above. Furthermore, as proposed recently, the identified secreted serine metalloprotease (lpg2019) might enable L. pneumophila, in synergism with OMV-associated Mip, to transmigrate through a barrier of NCI-H292 lung epithelial cells and extracellular matrix (78) . The destruction of the extracellular matrix protein elastin could be due to secreted LasB. Analogous to findings for P. aeruginosa, the elastase may additionally degrade surfactant proteins A and D (52) . Moreover, activities associated with Legionella SSPs and OMVs evidently broke down two synthetic lipid substrates, NPP and NPPC. Here, our proteome data suggest several lipases which could be responsible for this finding, including a PlcB homolog (lpg1455), a PlaC homolog (lpg2837), a PlcA homolog (lpg0502), and a PlaA homolog (lpg2343). Again, the OMVspecific Mip might be involved in the destruction processes, as it was also shown to promote an extracellular phospholipase C-like activity (25) . The observed destruction of bovine surfactant by L. pneumophila phospholipase A (32) and our results suggest that SSPs and OMVs may degrade human surfactant lipids and thus contribute to bacterial transmigration through the lung epithelium barrier. The protein sorting of virulence factors into OMVs, the small size of OMVs, which allows interaction with tissue structures not readily accessible to larger bacteria, and the possibility that some membrane-associated toxins are more active than the toxin alone additionally support the view that OMVs may pave the way for Legionella infection (48) . Cellular effects. Considering the different destructive enzyme activities, we also analyzed the cytopathic effects of OMVs on human alveolar epithelial cells and the protozoan host A. castellanii. However, unlike OMVs of other species (9, 47, 79) , L. pneumophila OMVs were not cytotoxic or cytolytic. In agreement with the previous observation that L. pneumophila-free culture supernatants do not induce apoptosis (35), we did not observe OMV-mediated apoptosis. Surprisingly, the growth of A. castellanii was increased by coincubation with OMVs. Since A. castellanii utilizes peptides and amino acids, it may be speculated that OMVs serve as a source of food particles, which attracts host protozoans to L. pneumophila in the environment. OMVs contain various compounds (LPS, lipoproteins, and proteins) that are recognized by eukaryotic cells and modulate the release of cytokines. Indeed, our cytokine profiling experiments revealed that OMVs induce a specific cytokine secretion profile in alveolar epithelial cells, including (for example) the proinflammatory cytokines IL-6, IL-8, and IFN-␥, as well as the anti-inflammatory cytokine IL-13. Compared to L. pneumophila cells (71), OMVs specifically stimulated the release of IL-7 and IL-13. This might be explained by the finding that L. pneumophila alters the composition of secreted LPS (associated with OMVs) but not the composition of LPS on the cell surface in the transmissive phase (29; F. Galka, unpublished data). Taken together, these data indicate that there is modulation of the host cell response (13, 81) .
Binding of OMVs to alveolar epithelial cells. L. pneumophila expresses a number of surface factors which are known to mediate adherence to host cells (37, 74) . The finding that OMVs, which present a subset of outer membrane proteins, bind to alveolar epithelial cells is consistent with this observation. Based on the protein composition of L. pneumohila OMVs, it is likely that, for example, Hsp60, a molecular chaperone which was previously shown to contribute to adherence of L. pneumophila to HeLa cells, contributes to the observed process (36, 37) . Thus, the mode of OMV binding seems to reflect at least partially that of Legionella cells.
Recently, it was proposed that L. pneumophila releases OMVs into the phagosome, which intercalates into the phagosomal membrane and thereby inhibits the fusion with lysosomes (29) . Our observation that extracellular exposure to OMVs triggers significant morphological changes in host cells suggests additional modulatory and pathogenic effects of Legionella OMVs. In this regard it will be interesting to analyze how the identified eukaryote-like proteins, virulence factors like the SidE paralogs LaiE and LaiF, and the hypothetical proteins with unknown functions reach their target structures and subvert, mimic, or usurp host cell functions.
Conclusion. In summary, our proteomic analysis allowed for the first time exact allocation of L. pneumophila virulence factors to extracellular SSP and OMV fractions. The findings demonstrate that the two fractions are partially independent of each other with respect to composition but probably contribute synergistically to infection. Zymography and enzyme assays revealed that SSPs and OMVs possess proteolytic and lipolytic enzyme activities. Furthermore, OMVs activate a specific cytokine response. Thus, these results highlight the potential impact of vesicle-mediated secretion on host modulation. Additionally, an ability of OMVs to deliver enzymes (e.g., Mip or proteases) may also be relevant for extracellular targets like the extracellular matrix of the lung epithelium barrier or biofilms in the environment. Hence, OMVs may promote the dissemination of L. pneumophila by degrading local matrices and facilitating bacterial transmigration.
